The paper presents a circuit model for the computationally efficient design of a planar Short-Circuited Self-Excited EBG Resonator Antenna (SC SE-EBG-RA). To this purpose, the same circuit model previously presented for the Open-Circuited version of the antenna is modified to be applicable to the SC version. Detailed HFSS modeling and simulation corroborate the accuracy of the model in predicting the antenna resonance. The efficiency of the designed antenna is calculated by a simulated Wheeler Cap Method (WCM) and is compared with the standard efficiency given by the numerical analyzer. The EM modeling is arranged so as to incorporate the effects of the SMA connector, discontinuities, and the WC, emulating a real WC measurement and yielding a high degree of confidence in the results. Overall, a small antenna sized 0.34 × 0.30 × 0.03 with 93% verified efficiency is achieved, which is also compiled with affordable manufacturing processes.
Introduction
Although electrically small antennas (ESAs) have been under study for years [1] , it was the recent boom in modern communications systems which truly revealed their importance. On the bright side of this evolution, the gradual shift over to higher frequencies has brought the opportunity of using shorter wavelengths, thus employing physically smaller antennas. However, the insatiable data demand by users continues to put ever-increasing pressure on the design of ESAs. The proliferation of frequency bands and the desire to incorporate as many allocated bands as possible in contemporary design scenarios have also led to the situation. The main challenge in achieving a desirable ESA is the fundamental [1, 2] compromise between bandwidth (BW), gain, and the electrical size of the antenna. When attempting to reduce the electrical size, the typical cost is to have a reduced BW or deteriorated radiation efficiency, or even both, a fact which turns the antenna miniaturization into an art of compromise [3] . One of the main avenues of research, related to ESAs, is to develop computationally efficient analysis methods for the design of such EM structures, which mainly involves developing quasistatic circuit models. Circuit models provide the designer with a set of initial values for time-consuming design optimization processes and, by doing that, streamline the course of achieving the most optimized ESA, even under stringent requirements. Such models can also provide one with a rapid insight into the relationships between performance and structural parameters [4] , spurring more innovation and better problem-solving ideas in antenna design. In case the antenna possesses a periodic structure [5] [6] [7] [8] , first, the unit cell is modeled separately [9, 10] , and then the acquired knowledge is fed to the theories such as Bloch [7, 11, 12] , to understand the performance of the whole periodic antenna composed of the unit cells.
One of the most recent examples of periodic ESAs, for which a Bloch-based circuit model is proposed, is the socalled Self-Excited EBG Resonator Antenna (SE-EBG-RA) [4, 8, 13, 14] . The SE-EBG-RA was first introduced in [7] as a new type of high-efficiency planar ESA, the principle of operation of which was explained using a Bloch diagram. Most typical EBG antennas are based on an antenna such as dipole [15, 16] , patch [17] , or other variations [18] , placed over a high impedance plane, composed of various kinds of unit 2 International Journal of Antennas and Propagation cells (e.g., [19] ). However, the feature which differentiates the SE-EBG-RA from most of such conventional EBG antennas is its special integrated configuration and radiation mechanism. Few cascaded EBG cells are viewed as a piece of a highly radiating TL, which is directly excited (Self-Excited) by a microstripline (MSL) on one side, while the other side could be open [4, 7] , shorted [13] , or even terminated [8] . This way, the radiator and the EBG cells form one unified radiating structure. Despite such differences in mechanism and structure, the performance of this type of periodic antenna is quite similar to other EBG antennas. Following these efforts, [4] presented a relatively accurate Bloch-based circuit model for rapid analysis and design of SE-EBG-RAs, while the model was only applicable when the cells were left open on one side (Open-Circuited), forming an OC SE-EBG-RA. Also, the equations were only valid for three unit cells, while not a necessity, as demonstrated later in [13] .
To supplement the model in [4] , this work presents a new generalized version which is applicable not only to the OC SE-EBG-RA but also to the SC version with any number of cells (Section 2). In Section 3, a sample SC SE-EBG-RA is designed through an efficient design process, navigated by the proposed circuit model. Next, in Section 4, a Wheeler Cap (WC) is modeled along with the designed antenna to numerically estimate the efficiency of the antenna. In-detail numerical modeling and analyses provide two independent estimations of . Afterwards, an alternative versification of the EM model is rendered in Section 5, and, then, the paper is concluded by Section 6 in which the effects of extreme truncation of the antenna ground plane on its performance are investigated. All numerical analyses are carried out using the High Frequency Structure Simulator (HFSS).
Circuit Model for the SC SE-EBG-RA
The SE-EBG-RA is composed of small periodic metal patches, deployed on a grounded substrate, with tiny gaps in between. The dispersion relation of this periodic structure, considered as a type of periodic TL, is [4] 
where is the wavenumber [4] of the unloaded MSL (with gaps removed), is ( 0 0 ) −1/2 , and is the cell size which must be much smaller than free-space wavelength, for validity of (1). 0 and reff are also found from equations in [4] . The cutoff frequency ( ) of the dispersion diagram is expressed by [4] 
where is the capacitance caused by coplanar coupling ( cp ) between the adjacent patches. The parallel plate coupling considered in [4] is neglected in this work as traces are thin. If is much larger than the gap size, as it is in Figure 1 (c), cp can be calculated from = cp = 2 cp1 + cp2 (see Figure 1 ), the equations of which are given in [4] .
The resonance frequency ( ) of the -cell OC SE-EBG-RA can be expressed by
where is 2 and is
where, for the OC case in [4], = 2. Also, = , where is the number of cells. Possibility of using different numbers of cells for SE-EBG-RA was demonstrated in [13] . It was also shown there that the SC version is naturally a quarterwavelength antenna, as opposed to the OC version which is half-wavelength. Thus, rather than = /2 used in [4] , we can insert = /4 into (1) and find of the SC version in a similar manner. Manipulation of the equations suggests that (1) to (4) can be reused, provided that = 4 rather than 2 for the OC case. It is noted that, for Figure 1 with 2 cells, = 2. Equations (1) to (4) provide the designer with a new set of relatively accurate closed-form equations which streamline the design process of the 2-cell SC SE-EBG-RA in Figure 1 .
It is noted that (4) and the clarifications above are specifically presented for the SC version (not included in [4] ) and are presented in this work for the first time, although looking similar to equations in [4] . Moreover, the present effort supplements and generalizes the circuit model in [4] , as the previous model was applicable to the OC version with only three cells ( = 3). In contrast, in this version, can be arbitrarily chosen, within the limits described in [13] .
Circuit-Model-Based Design Process
If we apply applying the proposed model to Figure 1 (a), while considering the structural parameters in Figure 1 (c), = 5.53 GHz. This is closely corresponding (Δ ∼ 3%) to the HFSS-simulated of 5.37 GHz, demonstrating the accuracy of the circuit model. This accuracy was also observed in [4] for the OC antenna version.
In practice, however, it is easier to realize the shorting plate of Figure 1 (a) with vias. Therefore, as in Figure 1(b) , the plate is replaced with two vias. Table 1 compares the antenna properties obtained from the model and from the HFSS simulation for the 2-via and plate versions. As seen, replacing the plate with vias has caused ∼19% increase in to = 6.38 GHz, at which HFSS is 85%. Figure 2 also shows the radiation pattern of the 2-via version and demonstrates that the pattern is broadside with very little back radiation.
The 19% shift is quite expected as the two vias cannot exactly emulate the same effects of the shorting plate, and hence, the antenna retains some of its OC characteristics around the vias, resulting in a frequency shift. Despite this shift, the design is deliberately based on vias to make it compatible with the standard PCB process. In addition, the adoption of RO4350B ( = 3.66; tan = 0.004) is another effort to meet the requirements of PCB manufacturing because this substrate is regarded as the low-loss pair of the FR4 and thus is demanded by volume-manufacturers. It
International Journal of Antennas and Propagation should be noted that a thick-metal version of the antenna in Figure 1 (a), with high-aspect-ratio gaps on a high dielectric substrate, was introduced for the first time in [13] , referred to as the SC SE-EBG-RA. On the contrary, the proposed design is thin-trace (similar to antenna versions in [14, 20] ), replaces the shorting plate with vias (ease of fabrication), is based on a desirable low dielectric material, and maintains the relatively high efficiency reported in [13] . Figure 3 renders a plot of the input impedance of the antenna in Figure 1 (b), before (see point A) and after (see point B) the application of the transformer. As seen, the behavior at point A matches a parallel RLC model, and the transformer has changed the model to series one around the operating frequency of 6.38 GHz.
Application of WCM to the SC SE-EBG-RA
In this section, a rectangular WC is meticulously modeled in HFSS and placed over the antenna designed in Section 3. The design in Figure 1 (b) has -dimensions of 28 × 24 (in mm); thus, the cap will adopt the same lateral dimensions. When choosing the cap height, however, some important considerations are necessary. Fundamentally, in Wheeler Cap Method (WCM), the cap dimensions must be electrically small to prevent the excitation of resonant modes in the cap, which could potentially act as a rectangular cavity [21] . On the other hand, the cap should be large enough so that no part of the cap could interfere with the antenna near fields, keeping in mind that such fields could extend up to ∼ /3 [22] from the antenna phase center or, roughly speaking, from the antenna physical center. With a cap height of 15 mm, the cap is similar to a rectangular cavity resonator with -dimensions of 28 × 24 × 15 (in mm). The related textbook equation [23] gives the cut-off frequency ( ) of the dominant mode, TE 101 , of such a resonator as 11.34 GHz, which is favorably far enough from . It is worth mentioning that, in [13] , it was theoretically demonstrated that the SC SE-EBG-RA is naturally a quarter-wave shorted resonator, which always follows a parallel RLC model. This feature is also deduced from point A impedance in Figure 3 . When applying the transformer, however, as in Figure 3 , the impedance will flip over to roughly series RLC one (point B in Figure 1(b) ), which justifies the use of the WCM. For this reason, in [13] , for a prototyped thick-metal SC SE-EBG-RA, which was Figure 1 (b) at 6.38 GHz; ground plane size is 28 mm × 24 mm ( ); solid line is for the E-plane ( ) and dashed line is for the H-plane; for clarity, two perspectives are provided in 3D case; the realized gain (dBi) is plotted. matched by a /4 transformer, the actual WCM yielded an accurate estimation of the efficiency. Figure 4 shows a comprehensive HFSS model which exactly simulates a typical SMA connector, a short piece of coaxial cable, the cap (Figure 4(b) ), and the antenna in Figure 1(b) . The connector and cable are modeled with inner and outer conductor diameters of 0.5 mm and 2.4 mm, respectively. Considering = 3.1, as with some commercial connectors, and applying the related equation, 0 = (60/3.1 1/2 ) ln (2.4/0.5) [23] , 53.45 Ω is obtained. A waveport is placed at the beginning of the coaxial cable to excite the structure for which the HFSS-calculated 0 is satisfactorily 53.50 Ω. In Figure 4 (c), the input impedance ( in = in + in ) is calculated at the beginning of /4 transformer (point A in Figure 4 (a)); that is to say, the effects of the connector and the cable are modeled and then deembedded. As a result, slightly shift from 6.38 GHz in Figure 1 (b) to 6.47 GHz in Figure 4 is no longer 6.47 GHz and slightly drops to 6.40 GHz. Thus, one can alternatively read in at this new frequency, which is 6.5 Ω, resulting in wc = 87%. Because this frequency shift is as low as ∼1%, it is more reasonable to take the average between 6.5 Ω and 10.5 Ω (8.5 Ω) and use it along with the WCM. In this case, wc = (50 Ω − 8.5 Ω)/50 Ω = 83%, which is only 2.5% lower than 85% ( HFSS ).
HFSS is independently calculated by the HFSS built-in method which, according to the HFSS manual, is the ratio of the radiated power (integrated over the radiation box circumscribing the structure) to the input real power. It is worth noting here that, in [13] , the measured wc of an OC SE-EBG-RA prototype was shown to be similarly lower than HFSS by 7%. This difference was attributed to the well-known observation that efficiencies calculated by HFSS are usually somewhat higher than reality.
An Alternative Verification of the EM Model
One more consideration which lends more credibility to the simulation results in Figure 4 and obviates the need for prototyping is to numerically evaluate the cable and SMA connectors, without the antenna. Figure 5 shows an EM model in HFSS which exactly models a 2-port network including the connector, cable, and a fraction of 50 Ω MSL. As in Figure 6 , the corresponding -parameters confirm that the network operates satisfactorily, which means almost all the power, as expected, is delivered from port 1 to port 2. This technique assures one of the accuracies of the excitation of waves at ports and reliable modeling of interconnects and, therefore (from a new standpoint), verifies the EM model in Figure 4 . It is worth mentioning that the verification approach in this paper is entirely simulation-based. In Section 3, it is shown that the resonance frequencies calculated by HFSS and the circuit model agree well (Δ < 2.9%). Moreover, in Section 4, it is demonstrated that the efficiencies calculated by HFSS and the simulated-WC method correspond well (Δ < 2.5%). The analysis in this section is also a third effort for verification of antenna feeding parts. Such simulated-based approaches are applicable to small antennas, considering the small electrical size of the structures. In this case, the whole structure, including the WC, is only 0.60 × 0.52 × 0.32 . While the simulation of such small EM models can be readily handled using inexpensive computers, in case the model is large (e.g., array antennas), prototyping and measurement are inevitable. Table 2 : The effect of truncation on the SC SE-EBG-RA (2-via); Δ is the change in f r , divided by f r of the nontruncated case; the connector and cable are exactly modeled in both cases; G r stands for the realized gain. (Figure 4(a) 
Extremely Truncated SC SE-EBG-RA
The last study is to investigate the sensitivity of the SC SE-EBG-RA in Figure 4 (a) against truncation and the possibility of further miniaturization obtained through reducing the ground plane size. As in Figure 7 , to save the footprint, the /4 transformer is removed as the edge impedance at point A of Figure 4 (a) was ∼60 Ω (close to 50 Ω). The ground plane is also truncated to 16 mm × 14 mm. The structural details are shown in Figure 7 . As seen, again, a piece of coaxial cable and the SMA are included in the simulations. Table 2 compares the properties of the truncated version and the original antenna in Figure 4 (a). It is interestingly observed that has improved and the antenna electrical size has dropped significantly. Another observation is that although the antenna has undergone a severe truncation, the shift in resonance is only 1.7%.
As expected, the realized gain has dropped to 4.37 dBi (due to a smaller electrical footprint); nonetheless, it is still a significant gain for such a small electrical footprint. Also, the corresponding radiation pattern is shown in Figure 8 , demonstrating a reasonable stability of the pattern against truncation (notice the slight movement of the peak towards the connector side). The good broadside pattern implies that the parasitic effects of the connector and the cable are insignificant. Moreover, Figure 9 compares |S 11 | (dB) with frequency for the truncated and original versions, showing that the matching quality is maintained, with 73% enhancement in the BW from 1.9% to 3.3%.
Conclusion
The paper introduces a fast and accurate design process for a small antenna, which is navigated by a proposed circuit model. The so-called Short-Circuited SE-EBG-RA is first designed by the model and then undergoes a demonstrative Figure 7 is compared with the nontruncated version in Figure 4 (a); there is ∼1.8% drop in resonance, owing to truncation.
simulation-based Wheeler Cap (WC) measurement. Comparison between the efficiency calculated by the WC method and the HFSS built-in method favorably shows that there is only 2.5% difference in estimation. Although the study is entirely based on numerical analysis, in-detail modeling of the connector and the WC yields sufficient confidence in the credibility. The final antenna design proves to be quite robust against truncation of the ground plane, renders a good broadside pattern, and is as small as 0.34 × 0.30 × 0.03 . It also exhibits 93% efficiency, 4.37 dBi realized gain, International Journal of Antennas and Propagation 7 and a respectable BW of 3.3%. To make the antenna under study applicable to sub-6 GHz commercial applications, it is designed to operate close to 5.8 GHz unlicensed band and comply with standard PCB process.
